Habitat fragmentation can play a major role in the reduction of genetic diversity among wildlife populations. The Ruaha-Rungwa and Katavi-Rukwa ecosystems in south-western Tanzania comprise one of the world's largest remaining African savannah elephant metapopulations but are increasingly threatened by loss of connectivity and poaching for ivory. To investigate the genetic structure of populations, we compared the genotypes for nine microsatellite loci in the western, central and eastern populations. We found evidence of genetic differentiation among the three populations, but the levels were low and mostly concerned the younger cohort, suggesting recent divergence probably resulting from habitat loss between the two ecosystems. We identified weak isolation by distance, suggesting higher gene flow among individuals located less than 50 km apart. In a long-lived species with overlapping generations, it takes a long time to develop genetic substructure even when there are substantial obstacles to migration. Thus, in these recently fragmented populations, inbreeding (and the loss of heterozygosity) may be less of an immediate concern than the loss of adults due to illegal hunting.
| INTRODUCTION
Human population growth is one of the main drivers of natural habitat loss and increased isolation of natural landscapes (Jones et al., 2012; Pereira et al., 2010; Rands et al., 2010) . Habitat loss and fragmentation is a conservation problem not only because of the direct loss of range and increased edge effects (Hanski, 2011; Lamb, Balmford, Green, & Phalan, 2016) , but also because of the potential for inbreeding depression through genetic drift (Hedrick & Kalinowski, 2000) , making restoration and conservation of wildlife corridors increasingly important in times of unprecedented habitat fragmentation (Graham, Douglas-Hamilton, Adams, & Lee, 2009; Jones et al., 2012) . Of particular, concern is the speed and scale at which fragmentation is happening (Haddad et al., 2015; Hansen et al., 2013) , because few migration routes are entirely within protected areas (Bartlam-Brooks, Bonyongo, & Harris, 2011; Harris, Thirgood, Hopcraft, Cromsigt, & Berger, 2009; Tucker et al., 2018) . A recent study conducted across five continents indicates that fragmentation of natural habitat reduces biodiversity by 13%-75% with effects being greatest in the smallest and most isolated fragments (Haddad et al., 2015) .
African elephant (Loxodonta africana) populations were historically distributed across the continent (Douglas-Hamilton, 1987) , with very little or no genetic structure among populations (Georgiadis et al., 1994) . But in recent years, fragmentation has escalated across their range largely restricting many mega-herbivores to protected areas (Graham et al., 2009; Jenkins & Joppa, 2009) , which represent fragments of the once continuous historic ranges (Ripple et al., 2015) . Habitat fragmentation and illegal hunting for ivory may lead to inbreeding depression (Allendorf, Luikart, & Aitken, 2013; Ishida, Gugala, Georgiadis, & Roca, 2018) and loss of genetic variation (Gobush, Kerr, & Wasser, 2009; Wasser et al., 2015) , especially when the oldest individuals (who are often the target) are involved (Archie et al., 2008) . This poses a question of whether populations that once ranged across the continent are becoming genetically isolated because of ongoing habitat destruction, fragmentation and illegal killings. While it is important to recognize that there is a time lag between changes to habitats and the time when the full implications of those changes are experienced by wildlife species (Bennett, 1998 (Bennett, , 2003 , it is desirable to understand early signs of variation among populations using measures of genetic differentiation (Paule, Krajmerová, Romšáková, & Schlosserová, 2012; Taylor, Walker, Goldingay, Ball, & Van Der Ree, 2011) . Information contained in a series of individual genotypes can quantify the extent to which isolated populations have lost genetic diversity over time, making it a relevant tool for assessing differences in structure within and among populations of the same species in fragmenting habitats (Taylor et al., 2011) .
The past 20 years have seen widespread deforestation of the miombo woodlands in areas between Katavi-Rukwa and RuahaRungwa ecosystems in south-western Tanzania, with about 17.5% of the woodlands and forests modified or removed to make way for agricultural development, threatening connectivity between these ecosystems (Lobora et al., 2017) . The area has one of the world's largest remaining African elephant populations (Chase et al., 2016; TAWIRI, 2014, unpublished data) and of high conservation priority because it (a) joins two large, well-protected elephant populations and (b) forms the principle link between the central and western African elephant populations in Tanzania. Because fragmentation in this landscape is relatively recent (Lobora et al., 2017) , and because elephants are long-lived (generation time of 25 years; Armbruster & Lande, 1993; Blanc, 2008) and show large population sizes, previous studies carried out in this area found little genetic structure among adults (Epps, Wasser, Keim, Mutayoba, & Brashares, 2013) . We thus expect there to be little or no genetic structure among adults. However, Wasser et al. (2015) show that there is sufficient differentiation across the continent to allow identification of source populations of poached ivory from genetic data. Given the potential for recent disruption of gene flow, testing for developing spatial genetic structure among individuals from the younger age classes could be informative. If adult movement has recently become restricted due to the recent fragmentation of the Katavi-Rukwa and Ruaha-Rungwa ecosystems, we expect to see incipient signs of genetic structure, particularly among the younger cohorts within these populations, and particularly given that male movement and dominance patterns are already known to drive age-related population structure in African elephants (Archie et al., 2008) .
| MATERIALS AND METHODS

| Study area
The study area covers about 109,050 km 2 and lies between latitude 6°15′59.38″ and 8°10′23.78″ S and between longitude 30°45′13.29″
and 35°28′34.44″ E. The area comprises the Katavi-Rukwa ecosystem in the west, a contingent of Game Reserves (henceforth "GRs"),
Game Controlled Areas (GCAs) and Open Areas (OAs) in the central part, as well as the Ruaha-Rungwa ecosystem in the east (Figure 1 ). capillary sequencer and subsequently analysed with GeneMarker v2.6.7 (Soft Genetics LLC). To minimize the probability of genotyping error, we repeated our genotyping three times or until were able to obtain at least three confirmations of each genotype (Ahlering et al., 2011; Frantz et al., 2003; Hansen, Ben-David, & Mcdonald, 2008) .
We used the Excel Microsatellite Toolkit (Park, 2001) 
| Genetic analysis
We analysed the set of unique genotypes within and among populations using GenePop 4.2 (Raymond & Rousset, 1995; Rousset, 2008) to test for deviations from expected heterozygosity values under We tested for genetic differentiation using pairwise F st across all individuals in the three populations (Text S1). To test for the influence of age class on genetic differentiation, we also estimated global F st for each age and then compared F st across groups of different age cohorts, that is, young age 0-9, subadult age 10-19 and adult age 20+. We obtained the age structure of the three populations through dung bolus measurements following Morrison, Chiyo, Moss, and Alberts (2005) . To determine whether observed levels of genetic differentiation across age cohorts were significant, we randomly permuted age cohorts among individuals and computed a theoretical global F st under the hypothesis of no age structure in the data set.
The permutation procedure was repeated 1,000 times, and, for each age cohort, we computed the mean and the 95% quantiles of the obtained theoretical distributions. Global F st estimates were calculated using the hierfstat (Goudet, 2005) and adegenet (Jombart, 2008 ) R-packages.
To investigate possible patterns of isolation by distance (IBD),
we used an individual-based approach. We computed a pairwise matrix of interindividual genetic distances using the Bray-Curtis percentage dissimilarity measure (function diss.dist from the R-package poppr; Kamvar, Tabima, & Grünwald, 2014) that we compared to the corresponding pairwise matrix of interindividual Euclidean distances using a simple Mantel test with 10,000 permutations (function mantel.randtest from the R-package ade4: Dray & Dufour, 2007) . Additionally, based on the geographic coordinates of sample locations, we investigated spatial patterns of IBD using a spatial autocorrelogram in GenAlEx (Peakall & Smouse, 2006) using the matrix of BrayCurtis percentage dissimilarity measures as the response variable.
Euclidean distance classes were defined every 50,000 m (up to 50 km). Mantel spatial autocorrelograms were also computed for each sex separately.
To test for genetic structure on an evolutionary timescale, we and local patterns .
| RESULTS
Of the 380 samples collected across the landscape, 376 (98.9%)
were successfully genotyped and 310 individuals identified by their unique genotypes. The remaining 66 samples were recaptures within the same populations and therefore discarded from subsequent analyses. The age class distribution by sex of the three populations is presented in Table 1 . We were unable to determine sexes for some individuals due to repeated failure to discriminate bands as either males or females (Table 1) .
Two of the 11 loci (LafMS02 and LafMS06) did not conform to expectations under HWE in any of the three populations after applying Bonferroni correction for multiple tests (Rice, 1989) . These loci had significant excesses of heterozygosity that could not be resolved through reanalysis of the genotypes and hence were removed from the analyses. Other than these loci, LA5 and FH19 deviated from expectations in the western population, FH60 deviated in the central population and LA5 and FH48 deviated in the eastern population.
Because there were no consistent patterns of deviation across populations, these loci were retained in the analyses.
| Genetic diversity within populations
We found high levels of genetic diversity in all populations, with allelic diversity ranging from an average of 8.7 (±1.9 SD) alleles per locus in the eastern population to 6.2 (±2.3 SD) alleles per locus in the central population (Table S1 ). When these values were corrected with a standard sample size of 36 (the size of the smallest sample) using rarefaction (Kalinowski, 2004) , there was no significant difference among populations in the number of alleles (Kruskal-Wallis K = 5.208, df = 8, p = 0.735) or private alleles (Kruskal-Wallis, K = 5.865, df = 8, p = 0.662).
| Genetic differentiation among populations
We found the three populations to be significantly different, although the level of differentiation was small, with F st values ranging from 0.006 between the eastern and central populations to 0.011 between the western and central populations (Table 2) Analyses in STRUCTURE detected no significant genetic clustering among populations across the study landscape (K = 1) ( Table S2 
| Genetic differentiation among age cohorts
As expected, global F st estimates were higher in young cohorts ( over ecological time scales may be difficult. Thus, we are not surprised that STRUCTURE did not detect significant genetic clustering.
Although this programme works well when population structure is relatively weak (Hubisz, Falush, Stephens, & Pritchard, 2009) , it may fail to detect structure when differentiation levels are as low as those in this study (Duchesne & Turgeon, 2012) . This is also consistent with our prediction that there would be no significant structure across adult individuals in these populations at evolutionary timescales because habitat fragmentation is a recent phenomenon.
Nevertheless, sPCA revealed subtle global hierarchical genetic structure, with eastern and central populations (white squares) showing higher genetic relatedness than the western population (black squares) at the higher level of the hierarchy (Figure 3 ). This is unsurprising because habitat loss/fragmentation due to anthropogenic activities is higher between western and central populations than between central and eastern populations (Lobora et al., 2017) . At the lower level of the hierarchy, it appeared that genetic structuring mostly stemmed from a longitudinal IBD pattern, with a lag distance of about 50 km, suggesting that IBD is an important driver of genetic differentiation in this system.
The historical large extent of miombo woodland linking these three populations appears to have facilitated broadscale connectivity, at least until recently (Epps et al., 2013) . Our recent analysis on the broad area extending from the Ruaha-Rungwa ecosystem to the Katavi-Rukwa ecosystem indicates that these areas retained approximately 73% of miombo woodland cover up until 1990s and continuous connectivity may only have been impaired recently (Lobora et al., 2017) . Despite large areas of natural woodland remaining between the two ecosystems, even now habitat loss has limited movement between the two ecosystems to a very narrow region (corridor), including some areas heavily used by people and a main road that links the northern and southern regions of Tanzania Riggio & Caro, 2017) .
The low level of genetic differentiation among populations could partly be explained by the fact that, in the absence of long-standing habitat fragmentation, the average distance between farthest populations (about 200 km) is within the dispersal capabilities of the African elephant (Blanc et al., 2007) . The measure of population subdivision across all populations (F st ) was low suggesting many successful migrants entering each population per generation (approximately 25 years for African elephant, Blanc, 2008 ) assuming an island model of migration (Frankham, Ballou, & Briscoe, 2002) . Nevertheless, without substantial levels of gene flow, habitat fragmentation and other anthropogenic disturbances can lead to extensive genetic differentiation among populations (Dixon et al., 2007) , even among populations that are geographically close (Vos, Jong, Goedhart, & Smulders, 2001) , as suggested by higher genetic differentiation in the young cohort.
Our genetic data did not suggest that there has been significant inbreeding in these populations, highlighting the importance of management actions (such as protection of the remaining potential habitat for connectivity) to maintain migration corridors that reinforce gene flow. This is particularly important because conservation of wide-ranging species depends not only on protected areas but also dispersal areas to provide connectivity (Ahlering et al., 2012; Caro & Riggio, 2014; Epps et al., 2013; Western, Russell, & Cuthill, 2009 be expected in the future. These changes will persist for at least a generation (even if connectivity was completely resurrected today), but appropriate management could restore a fully panmictic population in the future.
Overall, the results obtained in our analysis are consistent with the suggestion that habitat fragmentation and loss will soon constitute a threat to African elephant populations across their range (Comstock et al., 2002) . As demonstrated in other taxa such as large carnivores (Johnson, Eizirik, Roelke-Parker, & O Brien, 2001 ),
African elephants are also susceptible to losses in genetic variation due to habitat fragmentation, despite long generation times (Blanc, 2008) . The incipient signs of genetic differentiation detected in our analysis indicate increasing conservation challenges in human-dominated landscapes (Newmark, 2008) , calling for deliberate efforts and political will to save remaining dispersal areas for continued gene flow.
| Management implications
A species' ability to cope with the changing selective forces resulting from anthropogenic disturbance may be partially determined by the 
